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ELECTROCHEMICAL  BEHAVIOR  OF  lON-PLATED  TIN  AND  Cu-Cr  COATINGS 


1  INTRODUCTION 


Background 

The  Army  is  concerned  about  protecting  electronic  equipment  from  electromagnetic  interference 
(EMI),  including  electromagnetic  pulse  (EMP).  Equipment  susceptible  to  EMI  is  placed  within  electro- 
magnetically  shielded  enclosures.  One  cause  of  degradation  of  the  shielding  effectiveness  of  electromag- 
netically  shielded  enclosures  is  gasket  failure,  particularly  around  doors.  To  improve  the  performance  of 
the  shelters,  it  is  essential  to  minimize  this  degradation.  One  technique  to  improve  shielding  effectiveness 
is  to  apply  a  hard,  durable,  and  electrically  conductive  coating  on  the  interfaces  of  gaskets  and  seals. 

Thin  layer  metallic  or  ceramic  coatings  have  been  widely  used  on  structural  materials  for  a  variety 
of  applications  such  as  wear  and  corrosion  resistance.  For  example,  titanium  nitride  (TiN)  is  commercially 
used  as  a  hardfacing  coating  to  prolong  the  life  of  cutting  tools  and  as  a  decorative  coating  on  such  items 
as  watches  where  corrosion  resistance  is  required. 

New  uses  of  coatings  have  been  continuously  emerging  to  meet  technological  needs.  One  example 
being  considered  in  this  study  is  to  use  the  electrically  conductive  property  of  the  thin  Him  as  a  protective 
coating  for  gaskets  and  seals  for  electromagnetic  interference  (EMI)  mitigation.  This  report  describes  an 
effort  to  fmd  a  suitable  coating  material  for  the  EMI  shield  application. 

The  shielding  effectiveness  of  a  coating  depends  on  many  factors  such  as  the  electrical  conductivity. 
The  long  term  performance  depends  on  the  mechanical  and  chemical  properties  of  the  coating  materials 
as  well  as  adhesion  between  the  coating  and  substrate.  Good  bulk  electrical  conductivity  and  low  contact 
resistance  of  the  coating  are  of  prime  importance  for  this  application.  The  coating  must  be  hard  and 
strong  to  minimize  wear  during  service.  It  must  also  be  chemically  stable  to  resist  environmental  attack 
and  be  capable  of  protecting  the  substrate  from  corrosion  in  order  to  maintain  effective  shielding.  In  this 
study,  two  coating  materials  were  initially  considered  candidates  for  EMI  shielding:  TiN  and  copper- 
chromium  (Cu-Cr)  alloy  coatings  fabricated  via  a  plasma-assisted  physical  vapor  deposition  (ion-plating) 
technique. 

TiN  is  a  well  known  and  widely  used  coating  material  that  has  industrial  applications  ranging  from 
tribological  (Ramalingan  and  Winer  1980;  Jamal,  Nimmagadda,  and  Bunshah  1980)  to  protective  (Zeger, 
Komman,  and  Aniquet  1977)  and  decorative  (Wittmer  1985)  coatings.  TiN  is  hard  and  strong  and  has 
a  thermal  expansion  coefficient  of  9.35x10'^  per  degree  Kelvin  (/K)  at  room  temperature  (Hintermann 
1981).  The  most  attractive  property  of  TiN  for  shielding  is  its  good  electrical  conductivity.  The  electrical 
resistivity  of  coated  TiN  on  glass  is  approximately  100  micro-ohm-centimeters  (p£2-cm)  (N.  Sicilian  and 
W.  Croisant,  U.S.  Army  Construction  Engineering  Research  Laboratories  [USACERL],  personal 
communication)  which  is  substantially  greater  than  that  of  both  copper  and  aluminum  but  is  comparable 
to  that  of  many  other  metallic  conductors. 

Metastable  single  phase  Cu-Cr  alloys  rich  in  copper  are  relatively  new  coating  materials  (Shin  et 
al.  1983;  Kim  and  Yee  1985),  hence  the  properties  of  these  materials  are  virtually  unknown.  It  is, 
however,  suggested  that  metastable  Cu-Cr  coatings  may  possess  adequate  electrical  conductivity,  corrosion 
resistance,  and  reasonable  hardness  suitable  for  the  EMI  shield  application. 
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Considering  only  electrical  and  mechanical  properties,  both  TiN  and  Cu~Cr  alloy  coatings  should 
be  suitable  coating  materials  for  the  application.  However,  the  corrosion  properties  of  these  coatings  and 
the  protectiveness  of  these  coatings  for  the  metallic  substrates  are  not  available  in  published  literature. 


Objective 

The  primary  objective  of  this  work  was  to  examine  and  analyze  the  electrochemical  (corrosion) 
behavior  of  ion-plated  TiN  and  metastable  Cu-Cr  alloy  coatings  for  possible  application  to  EMl/EMP 
shielding.  The  sample  coatings  were  fabricated  at  the  ion-plating  facility  at  the  U.S.  Army  Construction 
Engineering  Research  Laboratories  (USACERL).  Commercial  TiN  coatings  were  evaluated  to  provide 
informaP  jn  for  comparison. 


Approach 

The  study  was  conducted  in  two  parts.  'Fhe  first  part  characterized  the  degree  of  corrosion  resistance 
of  the  coating  materials.  Coatings  on  glass  substrates  were  used  for  this  purpose.  The  second  part 
characterized  the  corrosion  behavior  of  TiN  and  Cu-Cr  coatings  on  metallic  (copper  and  aluminum) 
substrates  to  evaluate  the  protection  effectiveness  of  the  coating  for  metallic  substrates. 


Mode  of  Technology  Transfer 

It  is  recommended  that  a  summary  of  information  gained  from  this  study  be  incorporated  in  Techni¬ 
cal  Manual  (TM)  5-855-5,  Nuclear  Electromagnetic  Pulse  (NEMP)  Protection  (Department  of  the  Army, 
February  1974)  and  Engineer  Pamphlet  (EP)  1 1 10-3-2,  Electromagnetic  Pulse  (EMP)  and  TEMPEST 
Protection  for  Facilities  (Headquarters,  U.S.  Army  Corps  of  Engineers,  31  December  1990). 
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2  EXPERIMENTAL  METHODS 


Commercially  available  microscopic  glass  slides,  CDA  1 10  Cu,  1 100  Al,  and  6061-T6  A1  were  used 
as  substrates.  Substrate  disks  0.625-in.  ( 1 .6-cm)  diameter  were  prepared  so  that  the  coated  disks  could 
be  inserted  directly  into  the  specimen  holder  of  the  electrochemical  cell.  Cu  and  Al  substrates  were 
ground  and  mechanically  polished.  Before  coating,  the  substrates  were  cleaned  in  acetone  and  methanol 
(10  minutes  each)  using  ultrasonic  agitation. 

E)eionized  water  (electrical  resistivity  of  1  to  2  mega-ohm-centimeters  [Mf2-cm])  and  reagent  grade 
sodium  chloride  (NaCl)  and  sodium  sulfate  (Na2S04)  were  used  to  prepare  the  chloride  and  sulfate 
solutions.  These  solutions  were  chosen  to  simulate  service  environments  of  industrial  and  seacoast 
locations.  Hydrogen  chloride  (HCl)  was  added  to  chloride  solutions  and  sulphuric  acid  (H2SO4)  was  added 
to  Na2S04  solutions  for  acidity  adjustments.  Oxygen  saturated  solutions  were  prepared  by  passing  high 
purity  oxygen  gas  (Oj)  into  the  electrolytes  for  30  minutes.  Deaerated  solutions  were  made  by  passing 
pure  nitrogen  gas  (Nj)  into  the  electrolytes  for  at  least  12  hours.  These  gases  were  continuously  supplied 
during  the  corrosion  tests  and,  as  a  consequence,  the  electrolytes  were  moderately  agitated  during  the  tests. 

The  electrochemical  cell,  with  a  capacity  of  1000  cm^  (61  cu  in.),  consists  of  a  specimen  holder, 
counter  electrode  (two  graphite  rods),  reference  electrode  (saturated  calomel  electrode),  and  gas  inlet  and 
outlet  leads.  The  specimen  holder  exposes  a  testing  area  of  1  cm^  (0.155  sq  in.)  while  maintaining  sealing 
and  electrical  contact. 

Several  types  of  short  term  electrochemical  testing  techniques  were  used;  linear  polarization 
technique  to  estimate  a  corrosion  rate,  potentiodynamic  polarization  technique  for  a  general  understanding 
of  corrosion  behavior,  and  potentiostatic  polarization  technique  to  control  the  exact  amount  of  current 
passing  through  the  corrosion  sample.  Scanning  rates  were  0.1  and  0.2  millivolts  per  second  (mV/s)  for 
linear  and  potentiodynamic  polarization  tests,  respectively.  After  the  corrosion  tests,  samples  were  broken 
into  several  sections  for  structure  and  chemistry  analysis.  Scanning  electron  microscope  (SEM),  x-ray 
diffraction.  Auger  electron,  and  x-ray  photoelectron  spectroscopic  techniques  were  used  for  the  analysis. 
Wavelength  dispersive  x-ray  analyses  were  used  to  determine  the  chemistry  of  Cu-Cr  coatings. 
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3  RESULTS  AND  DISCUSSION 


TIN  Coatings 

As-deposited  TiN  coatings,  fabricated  at  USACERL  using  the  ion-plating  technique,  were  evaluated 
in  terms  of  coating  morphology,  chemistry,  and  crystal  structure.  A  few  commerci^ly  fabricated  TiN 
coatings  were  also  studied  for  comparison.  A  visible  difference  between  the  commercial  and  USACERL 
TiN  coatings  is  their  color.  TiN  coatings  fabricated  at  USACERL  typically  exhibit  a  brownish  yellow 
color  and  commercially  fabricated  TiN  coatings  show  a  gold  color. 

In  spite  of  the  color  difference,  these  two  coatings  were  determined  to  be  stoichiometric  TiN  based 
on  the  x-ra^  diffraction  (XRD)  spectra.  XRD  from  a  USACERL  TiN  coating  on  a  glass  substrate  (Figure 
1 ,  curve  A  )  shows  several  peaks  of  stoichiometric  TiN  and  a  small  peak  of  hexagonal  Ti,  indicating  that 
USACERL  TiN  is  stoichiometric  but  contains  a  small  amount  of  Ti.  On  the  other  hand,  only  diffraction 
peaks  pertaining  to  stoichiometric  TiN  are  observed  in  the  commercially  fabricated  TiN  coating  on  a  glass 
substrate  (Figure  1,  curve  B).  It  is  worthwhile  to  note  that  the  structure  of  the  USACERL  TiN  has  a  (2(X)) 
preferred  orientation  while  the  structure  of  the  commercial  TiN  has  a  (1 1 1)  preferred  orientation. 

For  microchemistry  analysis,  both  TiN  coatings  were  examined  with  x-ray  photoelectron 
spectroscopy  (XPS).  Pure  Ti  was  also  included  for  reference  purposes.  Figure  2  shows  5d*S  spectra  of 
Ti  2p3/2  and  2pj^  binding  energies  from  pure  Ti  (curve  A),  commercial  TiN  (curve  B),  and  from 
USACERL  TiN  (curve  C).  Before  the  acquisition  of  these  spectra,  about  10  to  20  angstroms  (A)  of  the 
surface  was  removed  by  argon-  (Ar)  ion  bombardment.  Note  that  2p3^  binding  energy  at  454 
electronvolts  (eV)  from  pure  Ti  is  shifted  to  455.4  eV  for  both  TiN  coatings.  Also,  for  both  coatings,  very 
small  peaks  at  458  eV  appear  as  “shoulders”  on  the  larger  peaks  at  455.4  eV.  These  peaks  (at  different 
binding  energy  values)  indicate  different  chemical  environments  for  Ti  which  result  in  a  shift  in  electron 
binding  energy.  By  comparing  with  the  published  binding  energy  values  of  Ti  2p  (Robinson  and 
Sherwood  1984;  Meletis,  Carter,  and  Hochman  1984),  the  peak  at  454  eV  is  identified  as  elemental  Ti, 
the  peak  at  455.4  eV  is  Ti  in  the  form  of  stoichiometric  TiN  and  the  peak  at  458  eV  is  Ti  in  the  form  of 
Ti02.  The  spectra  of  B  and  C  in  Figure  2  show  that  both  coatings  are  stochiometric  TiN  but  also  contain 
small  amount  of  Ti02  in  surface  layers.  Comparison  of  peak  heights  at  458  eV  indicates  that  commercial 
TiN  contains  much  more  Ti02  than  USACERL  TiN. 

To  examine  the  microchemistry  of  subsurface  TiN  coatings,  about  100  A  of  coating  was  removed 
by  sputtering.  Resulting  XPS  spectra  are  shown  in  Figure  3;  spectra  B-a  for  commercial  TiN  and  C-a  for 
USACERL  TiN.  The  spectrum  in  Figure  2  were  also  included  (as  B  and  C)  in  Figure  3  to  compare  the 
surface  and  subsurface  chemistries.  Note  that  the  peak  height  for  Ti02  (at  458  eV)  for  commercial  TiN 
at  the  very  surface  layer  (spiectrum  B)  is  substantially  reduced  in  the  same  sample  for  the  subsurface  layer 
(spectrum  B-a).  This  indicates  that  a  small  amount  of  Ti02  may  be  present  throughout  the  commercial 
TiN.  On  the  other  hand,  XPS  for  the  USACERL  TiN  coating  after  removing  100  A  (spectrum  C-a) 
exhibits  virtually  no  Ti02,  suggesting  that  Ti)2  is  present  only  near  the  surface  of  the  USACERL  TiN. 

It  is  emphasized  that  the  elemental  Ti  peak  is  absent  in  the  XPS  spectra  for  the  USACERL  TiN  in 
Figure  3.  This  contradicts  the  XRD  result  (Figure  1)  that  detected  elemental  Ti  for  the  same  sample.  XPS 
should  detect  elemental  Ti  observed  by  XRD,  considering  the  similar  sensitivity  factors  of  the  techniques. 
A  possible  explanation  for  this  contradiction  is  that  all  (or  a  majority  of)  elemental  Ti  detected  by  XRD 
may  be  present  near  the  interface  between  the  glass  substrate  and  TiN  coating  rather  than  as  a  random 


‘Figures  are  located  at  the  end  of  the  text,  starting  on  p  19. 
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dispersion  throughout  the  TiN.  The  escape  depth  of  photoelectrons  is  at  most  a  few  nanometers  and  that 
of  a  diffracted  x-ray  beam  is  a  few  micrometers,  indicating  that  surface  analysis  by  XPS  should  not  detect 
Ti  if  the  Ti  mainly  exists  as  an  interface  layer.  Because  this  is  only  a  hypothesis  to  explain  the 
contradictive  experimental  observations,  more  extensive  study  (such  as  transmission  electron  microscopy 
[TEM])  is  needed  to  prove  the  hypothesis,  since  elemental  Ti  in  TiN  may  seriously  affect  the 
electrochemical  behavior  of  TiN  coatings. 

Nitrogen  Is  (Nls)  binding  energies  were  also  evaluated  and  their  spectra  are  shown  in  Figure  4  (A 
for  commercial  TiN  and  B  for  USACERL  TiN  at  about  1(X)  A  subsurfaces).  The  main  peak  at  about  397 
eV  is  identified  as  nitrogen  from  stoichiometric  TiN.  The  small  peak  at  approximately  399.7  eV  is,  with 
some  reservation,  assigned  to  nitrogen  of  titanium  oxy-nitride  (TiO,Ny)  following  work  by  Robinson  and 
Sherwood  (1984).  Comparison  of  the  two  spectra  indicates  that  commercial  TiN  contains  more  TiO,Ny 
than  USACERL  TiN. 

It  is  worthwhile  to  note  that  Ti  2p3/2  binding  energy  from  TiO,Ny  is  somewhat  between  Ti  binding 
energies  from  TiN  and  from  TiOj,  depending  on  the  exact  chemistry  of  TiO,Ny  (Robinson  and  Sherwood 
1984).  It  is  possible  that  the  Ti  2p3^  peaks  in  Figure  3  may  consist  of  three  peaks  from  TiN,  TiOj  and 
TiO,Ny,  which  will  be  more  consistent  with  the  Nls  spectra  in  Figure  4. 

Experimental  evidence  thus  far  has  shown  a  notable  difference  in  microchemistry  between  the  two 
TiN  coatings.  Commercial  TiN,  which  exhibits  a  gold  color,  contains  more  TiOj  and  TiO,Nj,  than  the 
USACERL  TiN  which  does  not  show  a  “gold”  color.  The  origin  of  the  color  difference  has  not  been 
identified.  It  could  be  very  informative  to  compare  electrochemical  behavior  of  these  two  coatings. 
However,  as  only  a  few  commercial  TiN  coatings  on  glass  substrates  were  available,  corrosion  testing  of 
commercial  TiN  is  very  limited  in  this  study.* 

Figure  5  is  a  SEM  micrograph  of  as-deposited  TiN  coating  surface  on  A1  substrate  which  shows 
typical  surface  morphology  with  a  columnar  structure.  Similar  coatings  at  low  magnifications  are  shown 
in  Figure  6-A  for  TiN  on  a  glass  substrate  and  in  Figure  6-B  for  TiN  on  an  A1  substrate.  A  number  of 
small  pores  of  a  few  micrometers  in  size  are  clearly  visible  in  the  TiN  coating  on  Al,  while  they  are  not 
visible  in  the  coating  on  glass.  Submicroscopic  pores,  however,  were  observed  in  the  TiN  coating  on 
glass.  Auger  analysis  of  TiN  coating  (Figure  7),  shows  only  Ti  and  N  peaks,  suggesting  that  the  coating 
is  practically  free  of  impurities. 

Corrosion  Testing  of  TiN  on  Glass 

The  basic  corrosion  tests  were  relatively  rapid  potentiodynamic  scans  and  potentiostatic 
measurements  of  current  density  versus  time.  The  main  points  of  interest  are:  one,  whether  the  coating 
itself  shows  low  anodic  current  which  is  characteristic  of  passive  behavior;  and  two,  whether  the  coating 
deposited  on  metallic  substrate  protects  the  substrate.  These  points  are  discussed  below. 

Anodic  and  cathodic  polarization  scans  for  TiN  coatings  on  glass  substrates  in  3.5  percent  NaCl, 
pH=6.0,  are  shown  in  Figure  8  (A  in  oxygen  saturated  solutions  and  B  in  deaerated  solutions).  In  both 
cases,  the  TiN  coatings  show  an  anodic  current  density  of  a  few  microamperes  per  square  centimeter 
(pA/cm^)  up  to  +300  mV  versus  SCE  (saturated  calomel  electrode),  indicative  of  a  passive  behavior  in  this 
potential  range.  The  anodic  current  density  increases  to  approximately  10  pA/cm^  at  about  600  mV  versus 
SCE.  Considering  the  well  known  chemical  stability  of  TiN,  an  anodic  current  density  of  a  few  to  about 
10  pA/cm^  is  higher  than  expected.  A  current  density  of  a  few  microamperes  per  square  centimeter  is 


*TiN  coatings,  if  not  otherwise  noted  in  this  report,  imply  coatings  fabricated  at  USACERL. 
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approximately  equivalent  to  a  few  mils  per  year  of  corrosion  rate  (Fontana  and  Green  1986).  The  usual 
rule  that  a  few  mils  per  year  of  corrosion  rate  is  satisfactory  as  a  “low”  corrosion  rate  for  engineering 
materials  does  not  apply  to  a  thin  coating  that  is  only  a  few  micrometers  thick.  In  spite  of  a  relatively 
high  current  density,  the  TiN  coatings  appear  to  the  unaided  eye  unchanged  by  the  anodic  polarization 
tests.  SEM  micrographs  also  show  no  evidence  of  coating  corrosion.  These  apparently  conflicting  results 
do  not  explain  satisfactorily  the  corrosion  resistance  of  the  coatings  but  raise  an  important  question:  What 
is  the  origin  of  the  relatively  high  anodic  current  that  does  not  cause  morphological  change  on  the  TiN 
coating  surface? 

To  answer  this  question,  a  commercial  TiN  on  glass  substrate  was  potentiodynamically  scanned  in 
the  same  solution,  (Figure  8,  Curve  C).  Note  that  the  commercial  TiN  shows  an  anodic  current  of  about 
0.1  pA/cm^  which  is  about  50  times  lower  than  that  of  USACERL  TiN.  SEM  examinations  of  the 
corrosion  tested  sample  show  no  apparent  corrosion  as  in  the  case  of  USACERL  TiN. 

The  significant  difference  in  anodic  current  density  between  the  two  sets  of  TiN  coatings  may  be 
explained  in  terms  of  microchemistry  differences.  Earlier,  it  was  discussed  that  a  small  amount  of  Ti  may 
be  concentrated  at  the  interface  between  the  glass  substrate  and  the  USACERL  TLN  coating.  During  the 
polarization  test,  Ti  may  easily  be  dissolved  through  pores  (or  pinholes),  causing  the  increase  in  anodic 
current.  The  surface  morphology  of  TiN  coating  should  not  be  changed  because  the  electrochemical 
reaction  occurs  mainly  at  the  interface. 

The  USACERL  TiN  was  potentiostatically  polarized  to  study  surface  chemistry  changes  under 
controlled  amounts  of  anodic  current.  The  testing  solution  was  3.5  percent  NaCl,  pH=6.0.  Polarization 
curves  are  given  in  Figure  9.  The  dashed  lines  indicate  data  for  the  deaerated  solution  and  the  solid  lines 
indicate  data  for  the  oxygen  saturated  solution.  Current  densities  are  indicated  by  “i”  and  coulombs  by 
“C,”  which  is  simply: 


where  t  is  time  in  seconds.  Both  samples  were  polarized  at  +300  mV  versus  SCE  to  0.003  C/cm^.  Note 
that  “i”  in  the  deaerated  solution  is  initially  high  and  decreases  rather  rapidly  with  time  while  “i”  in  the 
oxygen  saturated  solution  is  low  and  decreases  slowly  with  time.  Accordingly,  “C”  increases  more  rapidly 
in  a  deaerated  solution  than  in  an  oxygen  saturated  solution. 

Figure  10  shows  XPS  spectra  of  Ti  Ipj^j  and  2p,Q  binding  energies  from  the  potentiostatically  tested 
TiN  coatings  of  Figure  9.  Spectra  A  and  B  are  from  about  10  and  100  A  from  the  surface  after  the  test 
in  an  oxygen  saturated  solution  and  spectra  C  and  D  are  from  about  10  and  100  A  from  the  surface  after 
the  test  in  a  deaerated  solution.  If  the  spectra  A  and  C  in  Figure  10  are  compared  with  the  spectrum  C 
in  Figure  3,  one  could  easily  note  by  the  peak  height  change  at  458  eV  that  the  amount  of  TiOj  at  the 
surface  of  TiN  is  increased  after  the  test  in  oxygen  saturated  solution,  and  it  is  diminished  after  the  test 
in  deaerated  solution.  Spectra  B  and  D  indicate  the  absence  of  TiOj  at  a  100  A  depth  from  the  surface, 
suggesting  that  chemistry  changes  during  the  corrosion  tests  are  confined  to  a  few  atomic  surface  layers. 
The  increased  amount  of  TiOj  during  the  corrosion  test  in  an  oxygen  saturated  solution  may  be  responsible 
for  the  lower  current  density  observed  during  the  test  shown  in  Figure  9. 

It  is  not  quite  understood  why  TiN  coating  in  a  deaerated  solution  behaves  differently  from  that  in 
an  oxygen  saturated  solution  at  the  same  potential.  In  principle,  an  anodically  polarized  sample  in  a 
deaerated  solution  should  show  the  same  results  as  that  in  an  oxygen  saturated  solution.  The  difference 
may  be  explained  by  the  difference  in  experimental  conditions.  Before  the  polarization  tests,  the  TiN 
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coating  was  exposed  to  the  testing  solutions  for  some  time  until  the  steady  state  corrosion  potentials  were 
reached.  In  an  oxygen  saturated  solution,  the  time  to  reach  steady  state  corrosion  potential  is  about  10 
minutes,  but  it  is  usually  more  than  1  hour  in  a  deaerated  solution.  Because  of  this  significant  time 
difference,  the  working  electrode  (TiN  coating)  in  the  oxygen  saturated  solution  may  have  been  in  a  very 
different  electrochemical  state  from  the  one  in  the  deaerated  solution  when  polarization  tests  began, 
possibly  resulting  in  different  polarization  curves  (Figure  9)  and  different  surface  chemistry  (Figure  10). 

It  is  emphasized  that  the  elemental  form  of  Ti  is  not  detected  in  the  spectrum  of  corrosion  tested 
samples  (Figure  10).  This  is  consistent  with  the  spectmm  of  USACERL  TiN  and  with  the  earlier 
discussion  that  the  high  anodic  current  of  the  USACERL  TiN  may  be  caused  by  the  dissolution  of 
elemental  Ti  present  possibly  at  the  interface.  During  polarization  tests,  Ti  will  be  transported  through 
pores  or  pinholes.  Thus,  the  XPS  technique  should  not  detect  the  elemental  form  of  Ti  in  the  corrosion 
tested  samples. 

XPS  spectra  of  nitrogen  Is  for  the  same  samples  are  compared  with  the  spectra  for  an  as-deposited 
sample  in  Figure  11.  A  small  peak  at  approximately  399.7  eV,  assigned  to  TiO^N^,  in  the  as-deposited 
sample  (spectrum  A)  is  reduced  by  the  corrosion  test  in  an  oxygen  saturated  solution  (spectrum  B)  and 
it  entirely  disappears  in  a  deaerated  solution  (spectrum  C).  This  may  suggest  that  TiO,Ny  is  not  a  stable 
compound  and  it  dissociates  under  the  corrosive  environment.  Thermodynamic  data  of  TiO,Ny  are  not 
available,  hence  it  is  not  possible  to  test  the  stability  of  this  compound.  Total  absence  of  TiO^Ny  in  spec¬ 
trum  C  may  be  partially  explained  by  the  higher  current  density  in  this  sample  (observed  in  Figure  9). 

Based  on  these  results,  TiN  coating  itself  is  basically  passive  and  deterioration  of  the  coating  quality 
is  not  observed  during  short-term  corrosion  tests,  indicating  the  high  chemical  stability  of  TiN.  However, 
the  increased  amount  of  TiOj  after  the  short-term  test,  evidenced  by  the  XPS  an^ysis,  may  cause  a 
problem  during  a  long-term  service  life.  TiOj  is  an  insulator  and  the  formation  of  an  insulating  layer  on 
the  surface  of  TiN  may  increase  contact  resistance.  It  is  suggested  that  a  study  be  conducted  to  determine 
how  contact  resistance  changes  due  to  the  formation  of  TiOj  affect  the  EMI  shielding  effectiveness. 

Corrosion  Testing  of  TiNIAl  and  TiNiCu 

CDA  100  Cu,  1100  Al,  and  6061-T6  A1  alloy  substrates  and  ion-plated  TiN  coatings  on  these 
substrates  were  potentiodynamically  scanned  in  oxygen  saturated  3.S  percent  NaCl,  pH=3.0  (Figure  12). 
Note  that  the  polarization  curve  of  TiN/Cu  follows  the  same  general  shape  as  the  pure  Cu  but  at  a  lower 
current.  This  is,  however,  still  much  higher  than  that  of  TiN/glass.  A  different  situation  prevails  with 
TiN/Al  which  shows  almost  the  same  polarization  curve  as  does  the  1 100  Al  substrate.  The  corrosion 
potential  of  TiN/Al  is  close  to  that  of  Al,  and  it  is  about  0.9  V  below  that  of  TiN/glass.  Similar 
polarization  curves  were  obtained  when  the  acidity  of  the  solution  was  decreased  to  pH=6.0  (Figure  13). 
The  main  difference  between  the  data  represented  in  Figures  12  and  13  is  that  in  pH=6.0  solution,  the 
polarization  curve  of  TiN/Cu  is  closer  to  that  of  TiN/glass.  It  is  also  clear  from  Figures  12  and  13  that 
in  a  NaQ  solution  the  TiN  coating  protects  the  Cu  substrate  to  some  degree,  but  it  does  not  protect  the 
Al  substrate.  As  explained  below,  Ais  may  be  due  to  the  different  electrochemical  behavior  of  Cu  and 
Al  (pitting  of  Al  and  general  corrosion  of  Cu  in  a  NaG  solution). 

Figure  14-A  shows  that  a  cluster  of  pits  formed  in  TiN/Al  has  spread  under  the  TiN  coating  and 
broken  the  TiN  coating  (Figure  14-B).  SEM  micrographs  of  cross  sections  through  pits  are  shown  in 
Figure  15  (A  at  1(X)  X  magnification  and  B  at  2000  X  magnification)  at  the  edge  of  the  pit.  Figure  15-B 
clearly  shows  cracking  and  spalling  of  the  undercut  TiN  coating,  but  no  visible  corrosion  of  the  TiN  itself. 
Even  though  pitting  of  Al  in  a  chloride  solution  is  a  well  known  phenomenon  (de  De  Micheli  1978;  Rais, 
Dalard,  and  Sohn  1985),  a  question  arises  as  to  how  the  pitting  of  Al  substrates  nucleates  and  grows  under 
the  TiN  coating. 
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The  basic  problem  is  the  “pinholes”  in  the  TiN  coating  applied  to  A1  as  shown  in  Figure  6-B. 
Because  of  the  number  of  pinholes,  the  TiN/Al  specimen  is  essentially  a  bielectrode  with  a  major  fraction 
of  its  area  composed  of  TiN  and  a  minor  fraction  composed  of  A1  as  schematically  shown  in  Figure  16- A. 
When  the  specimen  is  immersed  in  an  NaCl  solution,  the  pit  may  nucleate  at  the  surface  of  the  exposed 
Al.  The  current  density  for  pitting  corrosion  on  such  a  small  area  of  exposed  A1  is  so  high  that  this  small 
area  dominates  the  electrochemical  behavior  of  TiN/Al,  resulting  in  a  TiN/Al  polarization  curve  very 
similar  to  that  of  bulk  Al  as  shown  in  Figures  12  and  13.  As  the  pit  enlarges,  it  undercuts  the  TiN 
coating  (Figure  16-B)  and  finally  causes  cracking  and  spalling  of  the  TiN  coating  as  schematically  shown 
in  Figure  16-C.  It  is,  however,  emphasized  that  nucleation  of  pits  on  the  exposed  Al  of  TiN/AI  has  not 
been  directly  observed  because  the  pits  spread  so  fast. 

Due  to  general  corrosion  and  the  low  corrosion  rate  of  Cu  in  an  NaCl  solution,*  TiN  coating  on  Cu 
reduces  the  anodic  current  of  Cu  by  reducing  the  Cu  area  exposed  to  the  testing  solution.  Hence,  TiN 
coatings  improve  the  corrosion  resistance  of  Cu  in  an  NaCl  solution.  SEM  examination  of  these  samples 
does  not  show  significant  changes  in  the  TiN  coatings.  The  corrosion  resistance  may  be  further  improved 
when  an  aerated  solution,  rather  than  an  oxygen  saturated  solution,  is  used  because,  in  an  aerated  solution, 
the  free  corrosion  potential  will  be  lowered,  giving  a  somewhat  reduced  corrosion  rate. 

The  bielectrode  nature  of  TiN/Al  due  to  pinholes  in  the  TiN  coating  may  cause  a  serious  engineering 
problem  due  to  galvanic  effects.  In  a  TiN/Al  system,  TiN  is  a  cathode  and  exposed  Al  is  an  anode. 
Because  of  the  large  difference  in  the  exposed  area,  the  area  ratio  of  cathode  over  anode  could  be  100  or 
more  depending  on  the  size  and  density  of  the  pinholes.  The  high  current  density  observed  in  Figures  12 
and  13  is  essentially  concentrated  on  the  small  Al  area,  causing  fast  pit  growth.  For  bulk  Al,  the  area  ratio 
of  cathode  over  anode  should  be  much  smaller  than  that  for  TiN/Al,  resulting  in  a  wide  spread  of  the 
anodic  current  and  a  reduction  in  the  local  anodic  current  density.  The  wide  spread  of  anodic  current  on 
bulk  Al  will  cause  more  nucleation  of  pits  and  the  reduced  local  current  density  will  slow  the  pit  growth 
rate.  The  example  of  this  discussion  is  in  Figure  17  which  shows  a  wide  spread  of  small  pits  (about  10pm 
in  size)  on  the  bulk  Al  surface  after  an  anodic  polarization  test  in  3.5  percent  NaCl,  pH=6.0.  These  pits 
are  much  smaller  than  those  on  TiN/Al  which  are  several  hundred  micrometers  (previously  shown  in 
Figure  14-A).  The  larger  and  deeper  pits  of  TiN/Al  are  due  to  an  enhanced  galvanic  reaction  which  is 
not  desirable  for  structural  component  applications. 

TiN  on  6061 -T6  Al  alloy  behaves  very  similar  to  the  TiN/Al  but  at  a  slightly  lower  current  as  shown 
in  Figure  18.  SEM  micrographs  of  this  system  are  essentially  the  same  as  Figures  14,  15,  and  17. 

The  electrochemical  behavior  of  TiN/Al  in  the  sulfate  solution  is  quite  different  from  that  in  the 
chloride  solution.  Figure  19  shows  potentiodynamic  scans  for  TiN/glass,  TiN/Al  (1 1(X)),  TiN/Cu,  and  bulk 
Cu  in  oxygen  saturated  5  percent  NajSO*,  pH=3.0.  A  polarization  curve  for  bulk  Al  is  not  shown  in  the 
figure  (it  is  very  similar  to  that  of  TiN/Al,  but  at  a  much  lower  potential,  starting  from  about  -6(X)  mV 
versus  SCE).  Note  the  very  low  current  for  TiN/Al.  In  this  solution,  1 100  Al  is  passive,  hence  there  is 
no  rapid  corrosion  of  the  Al  substrate  exposed  to  the  sulfate  solution  due  to  pinholes.  SEM  examination 
of  TiN/Al  reveals  virtually  no  change  in  the  surface  morphology  after  the  corrosion  test. 

Unlike  Al,  Cu  corrodes  in  the  sulfate  solution  (Kim  and  Nobe  1971)  hence  the  behavior  of  TiN/Cu 
in  a  sulfate  solution  is  similar  to  that  in  a  chloride  solution.  A  TiN  coating  on  Cu  significantly  reduces 
the  exposed  area,  thus  the  anodic  current  relative  to  that  of  pure  Cu.  But  the  anodic  current  of  TiN/Cu 


*  The  free  corrosion  rate  of  Cu  in  oxygen  saturated  3.5  percent  NaCl.  pH=6.0,  was  estimated  as  about  2  mil  per  year  by  a  linear 
polarization  technique  and  extrapolation  of  polarization  curves  to  corrosion  potential.  This  value  is  within  the  range  of  published 
value  for  static  seawater  (Fontana  and  Green). 
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is  still  very  high  compared  to  that  of  TiN/glass  (Figure  19).  Figure  20  shows  cracking  of  the  TiN  coating 
caused  by  the  spread  of  general  corrosion  of  the  Cu  under  the  TiN  coating.  Note  that  a  part  of  the 
cracked  TiN  around  the  original  pinhole  (marked  by  a  small  arrow)  is  raised,  indicative  of  corrosion 
initiation  at  the  pinhole.  Because  of  this  observation,  it  is  possible  that  the  pitting  of  TiN/Al  in  the 
chloride  solution  is  also  initiated  at  pinholes  in  spite  of  the  lack  of  direct  observation  in  this  system. 


Cu-Cr  Alloy  Coatings 

Recently,  Cu-Cr  alloy  systems  have  gained  interest  for  use  in  the  microelectronics  industry  because 
of  a  possible  application  of  this  alloy  for  stronger  and  better  corrosion  resistant  conductive  paths.  A 
conventional  fabricating  technique  of  this  alloy  system  had  a  very  limited  application  because  of  the  very 
small  mutual  solubilities  between  Cu  and  Cr  in  solid  states.  As  shown  in  Figure  21,  maximum  solubility 
of  Cr  in  Cu  is  only  0.65  weight  percent  at  the  eutectic  temperature  (1969.2  °F  [1076.2  °C])  and  virtually 
no  Cu  dissolves  in  Cr  at  all  temperatures  (ASM  1973).  Current  interest  is  to  increase  the  solubility  of  Cr 
in  Cu  to  obtain  materials  that  may  possess  unique  properties  due  to  a  metastable  state.  Several 
investigators  (Shin  et  al.  1983;  Kim  and  Yee  1985;  Dirk  and  van  der  Broek;  April  1985)  have  used 
physical  vapor  deposition  techniques  to  produce  metastable  Cu-Cr  alloys  that  contain  much  more  Cr  in 
Cu  solid  solution  than  that  predicted  by  the  phase  diagram. 

A  series  of  Cu-Cr  alloys  fabricated  at  the  ion-plating  facility  at  USACERL  were  studied  in  terms 
of  phase  analysis  and  electrochemical  behavior.  Substrates  were  glass  and  CDA  110  Cu.  Coating 
compositions  were  determined  by  wavelength-dispersive  x-ray  analysis.  Pure  Cu  and  Cr  foils  were  used 
as  reference  standards  and  matrix  corrections  were  continuously  made  during  the  analysis. 

XRD  results  show  that  Cu-Cr  alloys  containing  up  to  about  25  atomic  percent  CR  consist  of  single 
phase  FCC  structure.  The  alloys  containing  more  than  60  atomic  percent  Cr  are  single-phase  BCC 
structure,  and  the  alloys  containing  25  to  60  atomic  percent  Cr  have  a  dual-phase  structure.  Electrical 
resistivities  of  Cu-rich  alloys,  measured  by  a  four-point  probe  technique,  range  from  6  pf2-cm  for  pure  Cu 
coating  to  about  30  pQ-cm  for  20  atomic  percent  Cr,  which  is  substantially  lower  than  that  of  TiN  coating. 
Figure  22  shows  a  typical  columnar  structure  of  as-deposited  Cu-10  atomic  percent  Cr  [hereafter, 
CuCitlO)]  coating  on  a  glass  substrate. 

Anodic  and  cathodic  potentiodynamic  polarization  scans  for  a  series  of  Cu-Cr  coatings  on  glass 
substrates  in  oxygen  saturated  5  percent  Na2S04,  pH=6.0,  are  shown  in  Figure  23  [polarization  curve  1 
for  pure  Cu  coating,  curve  2  for  CuCr(10),  curve  3  for  CuCr(19),  curve  4  for  CuCr(40),  and  curve  5  for 
Cu-Cr(85)].  Note  that  Curves  1,  2,  and  3  are  from  FCC  structure,  curve  4  from  dual-phase  structure,  and 
curve  5  from  BCC  structure.  The  similarity  of  curves  2  and  3  to  curve  1  and  large  anodic  currents  in 
these  scans  indicate  that  Cu-Cr  alloy  containing  up  to  19  atomic  percent  Cr  behaves  much  like  pure  Cu. 
It  does  not  appear  from  anodic  scans  that  Cu-rich  Cu-Cr  coatings  form  a  protective  film.  The  free 
corrosion  rates  of  these  alloys  were  estimated  as  a  few  mils  per  year  at  pH=6.0,  which  is  unacceptable. 
Hence,  the  desired  result  of  alloying  Cu  with  Cr  to  improve  the  corrosion  resistance  of  Cu  has  not  been 
achieved.  A  substantial  decrease  in  the  anodic  current  is  observed  only  in  the  Cr-rich  alloy  (curve  5),  but 
a  Cr-rich  alloy  is  not  of  interest  for  the  present  application. 

Even  though  the  performance  of  Cu-Cr  coatings  is  not  satisfactory,  the  electrochemical  behavior  of 
the  coatings  was  studied  in  more  detail  to  determine  why  a  passive  Cr  film  did  not  form  on  Cu-Cr 
coatings. 

Three  sets  of  Cu-rich  Cu-Cr  coatings  were  potentiostatically  polarized  at  +25  mV  versus  SCE  in 
oxygen  saturated  5  percent  Na2S04,  pH=6.0.  The  results  arc  given  in  Figure  24  (A  for  current  density 
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and  B  for  coulombs).  Polarization  curve  1  is  from  pure  Cu  coating,  curve  2  from  CuCr(10),  and  curve 
3  from  CuCr(19).  Note  that  the  anodic  current  of  pure  Cu  (2.2  milliamps  per  square  centimeter  [mA/cm2] 
is  reduced  to  about  0.5  mA/cm^  with  19  atomic  percent  of  Cr  alloying.  The  tests  in  deaerated  solutions 
show  the  same  result  as  in  oxygen  stdurated  solutions.  Figure  25  shows  SEM  micrographs  of  CuCr(lO) 
after  polarization  to  0.48  C/cm^  in  an  oxygen  saturated  solution.  For  the  sake  of  direct  comparison,  SEM 
micrographs  of  as-deposited  CuCr(lO),  Figure  22,  are  included  on  the  left  side  of  the  figure.  Note  that 
the  surface  morphology  of  the  corrosion  tested  sample  is  entirely  different  from  that  of  die  as-deposited 
sample.  Among  the  morphological  changes,  formation  of  new  crystals  and  fine  pores  in  the  tested  sample 
deserve  special  attention.  In  a  cross  sectional  view,  the  general  film  morphology,  including  the  coating 
thickness,  appears  to  be  unchanged  but  the  tested  sample  reveals  a  sponge-like  structure  while  the  as- 
deposited  sample  shows  a  dense  structure.  The  possible  explanation  for  these  structural  changes  is  that 
one  element,  possibly  Cu,  preferentially  dissolves,  leaving  behind  highly  porous  films  (sponge-like 
structure)  and  corrosion  products  are  deposited  on  the  original  film  surface. 

An  Auger  electron  depth  profile  for  the  tested  sample  is  shown  in  Figure  26.  The  sputtering  rate 
is  approximately  30  A/min.  Note  the  sharp  change  in  Cu  and  Cr  concentrations  at  about  1200  A  depth 
(42  minutes  of  sputtering  time)  indicating  that  the  coating  consists  of  two  layers.  In  the  first  layer,  Cu 
concentration  increases  with  depth  while  the  Cr  concentration  remains  constant.  In  the  second  layer,  both 
Cu  and  Cr  concentrations  are  unchanged  with  depth.  During  the  corrosion  tests,  if  one  element 
preferentially  dissolves,  or  both  elements  dissolve  at  different  rates,  then  the  resulting  concentration 
profiles  will  show  gradual  changes  but  no  sharp  change.  The  presence  of  a  sharp  change  may  indicate 
that  the  first  layer  is  formed  by  redeposition  of  dissolved  Cu  and  Cr  on  top  of  the  original  surface  of  the 
as-deposited  sample.  Considering  the  sensitivity  factors  of  Cu  and  Cr  Auger  electrons,  Cr  concentration 
in  the  second  layer  is  approximated  as  about  25  atomic  percent,  which  is  substantially  larger  than  the 
original  concentration  in  the  10  atomic  percent  as-deposited  sample.  This  implies  preferential  dissolution 
of  Cu,  leaving  behind  a  porous  and  Cr-enriched  coating.  However,  some  Cr  dissolution  cannot  be  ruled 
out  because  of  the  presence  of  Cr  in  the  first  layer.  Gradual  concentration  profiles  in  the  first  layer 
indicate  that  the  first  layer  consists  of  oxides  (CU2O  and  Cr203)  and  elemental  Cu  and  Cr;  relative 
amounts  of  oxides  decrease  with  increasing  depth.  This  explanation  is  consistent  with  the  SEM 
observation  in  Figure  25  but  it  is  not  conclusive  and  requires  a  more  organized  study  to  understand 
dissolution  and  redeposition  kinetics  in  Cu-Cr  coatings. 
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4  CONCLUSIONS 


This  research  suggests  that  TiN  coating  is  a  suitable  candidate  for  EMI  shield  application  but  Cu-Cr 
alloy  coatings  are  not.  However,  the  inherent  problem  of  “pinholes”  presents  a  serious  obstacle  to  the  use 
of  TiN  coating  for  corrosion  protection  of  underlying  metallic  substrates  over  a  long  period  of  time.  The 
following  summarizes  the  results  obtained  throughout  the  course  of  this  work. 

TiN  coatings  fabricated  at  USACERL  are  essentially  stoichiometric  but  the  color  is  “brownish 
yellow”  instead  of  the  characteristic  “gold”  color  of  TiN  as  observed  in  commercial  TiN,  which  is  also 
stoichiometric.  Both  TiN  coatings  deposited  on  glass  show  passive  behavior.  A  higher  anodic  current 
of  the  USACERL  TiN  (a  few  microamperes  per  square  centimeter)  than  that  of  commercial  TiN  (about 
0.1  pA/cm^)  is  attributed  to  the  presence  of  elemental  Ti  in  the  USACERL  TiN,  possibly  located  at  the 
interface  between  the  TiN  coating  and  the  glass  substrate.  A  small  amount  of  TiOj  may  be  present 
throughout  the  coating  thickness  for  the  commercial  TiN,  but  it  is  detected  only  at  the  very  surface  layer 
in  the  USACERL  TiN.  Short  time  polarization  tests  in  a  chloride  solution  cause  the  amount  of  TiOj  at 
the  surface  of  USACERL  TiN  to  increase,  which  could  increase  contact  resistance  after  a  long  service. 

TiN  coating  on  metallic  substrates  creates  bielectrodes  due  to  pinholes  in  the  coatings.  The  pinholes 
do  not  cause  any  problem  for  TiN/Al  in  a  sulfate  solution,  because  A1  itself  is  passive  in  a  sulfate  solution. 
However,  a  bielectrode  nature  of  TiN/Al  enhances  pit  growth  of  A1  in  a  chloride  solution,  resulting  in 
cracking  and  spalling  of  the  TiN  coating.  The  pits  are  apparently  nucleated  at  the  A1  exposed  by  pinholes. 
Pitting  of  TiN/Al  will  seriously  undermine  the  coating  integrity  and  shielding  effectiveness.  TiN  coating 
on  Cu  exhibits  the  same  problem  with  pinholes  but  the  anodic  current  of  Cu  is  greatly  reduced,  because 
of  a  low  corrosion  rate  and  general  corrosion  of  Cu  in  NaCl  solutions.  Hence,  TiN/Cu  does  not  cause  as 
serious  a  problem  as  TiN/Al  in  chloride  solution. 

Metastable  Cu-rich  Cu-Cr  alloy  coatings  behave  much  like  copper,  which  shows  a  high  anodic 
current  and  does  not  become  passive.  Reduction  of  the  anodic  current  with  19  atomic  percent  Cr  alloying 
in  Cu  is  only  nominal,  hence  the  desired  result  of  alloying  with  Cr  to  substantially  improve  the  corrosion 
resistance  of  Cu  was  not  achieved.  The  free  corrosion  rates  of  these  alloy  coatings  are  a  few  mils  per 
year,  which  is  unacceptable  for  thin  film  coating  applications.  Auger  depth  profiles  and  SEM  examination 
of  the  tested  sample  indicate  more  active  (or  preferential)  dissolution  of  Cu  than  Cr,  causing  a 
morphological  change  from  an  as-deposited  dense  structure  to  sponge-like  structure. 
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Figure  1.  X-ray  Diffraction  Spectra  of  As-deposited  TiN  Coatings.  (A,  USACERL  TiN  and  B, 

commercial  TiN.) 
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Figure  2.  Ti  2p  X-ray  Photoelectron  Spectra  of  Commercial  TiN,  USACERL  TiN,  and  Pure 
Tl  After  Removal  of  10-20  A  of  the  Surface  Layer.  (A,  Ti;  B,  as-deposited 
commercial  TiN;  and  C,  as-deposited  USACERL  TiN.) 
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Figure  3.  Ti  2p  X-ray  Photoelectron  Spectra  of  TIN  Coatings  After  Removal  of  About  100  A 
of  the  Surface  Layer.  (Spectrum  B  and  C  are  the  same  as  in  Figure  2,  and  Spectrum 
B-a  and  C-a  are  obtained  after  about  1(X)  A  surface  layer  removal.') 


Figure  4.  Nitrogen  Is  XPS  Spectra  From  TIN  Coatings  After  Removal  of  About  100  A  of  the 
Surface  Layer.  (A,  commercial  TiN  and  B,  USACERL  TiN.) 
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Figure  5.  SEM  Micrograph  of  As>deposited  USACERL  TiN  on  an  Ai  Substrate.  (7000X.) 


21 


Figure  6.  SEM  Micrographs  of  As-deposited  L'SACERL  TiN  on  a  (Jlass  Substrate.  (450X. 
A  on  glass  and  B  on  Al.) 
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Figure  7.  Auger  Electron  Spectra  of  As-deposited  USACERL  TIN  After  Removal  of  About  50  A 
of  the  Surface  Layer. 
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Figure  8.  Potentiodynamic  Anodic  and  Cathodic  Scans  of  TiN/Glass  in  3J%  NaCI,  pH=6.0.  i 
USACERL  TiN  in  oxygen-saturated  solution;  B,  USACERL  TiN  in  deaerated  solution; 
commercial  TiN  in  oxygen-saturated  solution.) 
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Figure  9.  Potentiostatic  Polarization  Data  of  USACERL  TiN/Glass  in  3J%  NaCl,  pH=6.0,  at  +300 
mV  vs  SCE.  (Dotted  lines  are  for  current  density  and  coulombs  in  deaerated  solution;  solid 
lines  in  oxygen  saturated  solution.) 
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Figure  10.  Ti  2p  XPS  Spectra  of  TIN  After  Potentiostatic  Polarization  Tests  to  0.003  C  at  +300  mV 
vs.  SCE  in  3.5%  NaCI,  pH=6.0.  (A  and  B  in  oxygen  saturated  solution,  after  removing 
about  10  and  100  A  of  the  surface  layer.  C  and  D  in  deaerated  solution  after  removing  about 
10  and  100  A  of  the  surface  layer.) 
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Figure  11.  Nitrogen  Is  XPS  Spectra  of  TiN  After  Removal  of  About  10  A  of  the  Surface  Layer 
After  Potentiostatic  Polarization  Tests  to  0.003  C  in  3.5%  NaCi,  pH=6.0.  (A,  as- 
deposited;  B,  after  test  in  oxygen-saturated  solution;  and  C,  in  deaerated  solution.) 


Figure  12.  Potentiodynamic  Polarization  Scans  in  Oxygen*saturated  3.5  %  NaCI,  pH=3,  for  TiN 
Coatings  on  Glass,  Cu,  and  Al  Substrates,  and  for  Bulk  Cu  and  Al  Substrates. 
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Figure  13.  Potentiodynamic  Polarization  Scans  in  Oxygen-saturated  3.5%  NaCI,  pH=6.0. 
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Figure  15.  SEM  Cross  Section  Micrographs  of  TiN/Al  Surface  After  Potentiodynamic  Polarization 
Test  in  Oxygen-saturated  3.5%  NaCI,  pH=6.0. 


Figure  16.  Schematic  Diagram  Showing  Pit  Initiation  and  Propagation,  and  TiN  Coating 
Cracking  for  TiN/AI  in  Chiroide  Solution. 


Figure  17.  SEM  Micrograph  for  Surface  Morphology  of  A1  After  Anodic  Polarization  in 
Oxygen>saturat^  3.5%  NaCi,  pHs6.0. 


mV  vs.  SCE 


Figure  18.  Potentiodynamic  Polarization  Scans  for  6061*T6  Al  and  TiN/6061-T6  in  Oxygen 
saturated  3.5%  NaCl,  pHs6.0. 


I/cm* 


Figure  19.  Potentiodynamic  Polarization  Scans  in  Oxygen-saturated  5  %  Na2S04,  pll=3  for  TIN 
on  Glass,  Cu,  and  Al,  and  for  Bulk  Cu. 


30 


Figure  20.  SEM  Micrograph  of  TiN  on  Cu  After 
Na2S04,  pH=:6.0. 
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Figure  21.  Equilibrium  Cu-Cr  Binary  Phase  Diagram. 
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Figure  22.  SEM  Micrographs  of  As-deposited  CuCr(10)  on  Giass. 
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Time  (min.) 


Figure  24.  Potentiostatic  Scans  of  Cu>Cr  Coatings  Showing  Current  Density  Change  and 
Couiombs  Change  With  Time  at  •••25  mV  vs  SCE  in  Oxygen-saturated  5%  Na2S04, 
pH=6.0.  [A,  density  change;  B,  Coulombs;  1,  pure  Cu;  2,  CuCr(10);  3,  CuCr(19).] 
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Figure  25.  SEM  Micrographs  of  CuCr(lO)  After  Potentiostatic  Test  to  0.48  C/CM’  in  Oxygen- 
saturated  Na^SO^  at  +25  mV  vs  SCE.  [For  direct  comparison,  SEM  micrographs  of 
as-deposited  CuCr(lO)  are  included  (smaller  ones).) 
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Sputter  Time  (Min.) 


Figure  26.  AES  Depth  Profile  of  CuCr(lO)  After  Potentiostatic  Test 
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